AND CONCLUSIONS
1. The dynamic contribution of otolith signals to three-dimensional angular vestibuloocular reflex (VOR) was studied during off-vertical axis rotations in rhesus monkeys. In an attempt to separate response components to head velocity from those to head position relative to gravity during low-frequency sinusoidal oscillations, large oscillation amplitudes were chosen such that peak-topeak head displacements exceeded 360'. Because the waveforms of head position and velocity differed in shape and frequency content, the particular head position and angular velocity sensitivity of otolith-ocular responses could be independently assessed. 2. During both constant velocity rotation and low-frequency sinusoidal oscillations, the otolith system generated two different types of oculomotor responses: 1) modulation of three-dimensional eye position and/or eye velocity as a function of head position relative to gravity, as presented in the preceding paper, and 2) slow-phase eye velocity as a function of head angular velocity. These two types of otolith-ocular responses have been analyzed separately. In this paper we focus on the angular velocity responses of the otolith system. 3. During constant velocity off-vertical axis rotations, a steadystate nystagmus was elicited that was maintained throughout rotation. During low-frequency sinusoidal off-vertical axis oscillations, dynamic otolith stimulation resulted primarily in a reduction of phase leads that characterize low-frequency VOR during earthvertical axis rotations. Both of these effects are the result of an internally generated head angular velocity signal of otolithic origin that is coupled through a low-pass filter to the VOR. No change in either VOR gain or phase was observed at stimulus frequencies larger than 0.1 Hz.
4. The dynamic otolith contribution to low-frequency angular VOR exhibited three-dimensional response characteristics with some quantitative differences in the different response components. For horizontal VOR, the amplitude of the steady-state slow-phase velocity during constant velocity rotation and the reduction of phase leads during sinusoidal oscillation were relatively independent of tilt angle (for angles larger than -10").
For vertical and torsional VOR, the amplitude of steady-state slow-phase eye velocity during constant velocity rotation increased, and the phase leads during sinusoidal oscillation decreased with increasing tilt angle. The largest steady-state response amplitudes and smallest phase leads were observed during vertical/torsional VOR about an earthhorizontal axis.
5. The dynamic range of otolith-borne head angular velocity information in the VOR was limited to velocities up to -1 loo/s. Higher head velocities resulted in saturation and a decrease in the amplitude of the steady-state response components during constant velocity rotation and in increased phase leads during sinusoidal oscillations.
6. The response characteristics of otolith-borne angular VORs were also studied in animals after selective semicircular canal inactivation. Otolith angular VORs exhibited clear low-pass filtered properties with a corner frequency of -0.05-0.1
Hz. Vectorial summation of canal VOR alone (elicited during earth-vertical axis rotations) and otolith VOR alone (elicited during off-vertical axis oscillations after semicircular canal inactivation) could not predict VOR gain and phase during off-vertical axis rotations in intact animals. This suggests a more complex interaction of semicircular canal and otolith signals.
7. The results of this study show that the primate low-frequency enhancement of VOR dynamics during off-vertical axis rotation is independent of a simultaneous activation of the vertical and torsional "tilt" otolith-ocular reflexes that have been characterized in the preceding paper. The observed low-frequency enhancement of VOR dynamics is rather linked to the generation of a steadystate compensatory nystagmus during constant velocity off-vertical axis rotations. We propose that such "static" (i.e., steady-state) and low-frequency enhancement of VOR dynamics results from an inertial vestibular mechanism that utilizes both otolith and semicircular canal afferent information to detect head motion in space.
INTRODUCTION
Otolith-ocular reflexes are elicited during both translational motion and angular motion involving a dynamic reorientation of the head relative to gravity. These reflexes are rather complex and difficult to understand because they subserve a number of distinctly different functions. A major conceptual difficulty is related to the fact that the otolith system acts not only as a sensor of linear accelerations during head translations but also as a detector of head orientation relative to gravity. The best studied aspects of this system are the translational vestibuloocular reflexes (translational VORs) that are elicited during translational motion. Despite their somewhat intricate dependence on binocular kinematic requirements, translational VORs obey straight forward rules that are based on a clear oculomotor function, i.e., to generate short-latency compensatory eye movements and provide gaze stabilization during fast, translatory head movements when visual mechanisms are insufficient (Paige and Tomko 1991b; Schwarz and Miles 1991) .
There are a number of other otolith-ocular reflex actions that are much more difficult to categorize. Among them are the "tilt" otolith-ocular reflexes, i.e., vertical and/or torsional eye movements as a function of head position relative to gravity, that have been studied primarily in lateraleyed species and have been characterized as low-pass filtered responses (rabbits: Baarsma and Collewijn 1975; rats: Hess and Dieringer 1991; frogs: Hess et al. 1984) . Similar responses have been observed in humans (Lichtenberg et al. 1982; Young et al. 1981 ) and more recently in monkeys (Angelaki and Hess 1996; Haslwanter et al. 1992; Paige and Tomko 1991a) . It has been implied that tilt otolith-ocular responses in monkeys assist the semicircular canal-ocular reflexes during low-frequency head oscillations in a similar way as in rabbits (Paige and Tomko 199 la; Sargent and Paige 1991) . This assumption, however, leads to two serious problems. First, modulation of torsional and vertical eye position and slow-phase eye velocity in primates is not characterized by the appropriate low-pass filtered dynamics to generate the enhanced low-frequency VOR characteristics as in rabbits ( Angelaki and Hess 1996; see also Fig. 7 in Paige and Tomko 1991a) . Second, and most importantly, tilt otolith-ocular responses are limited to vertical and torsional eye movements ( Angelaki and Hess 1996 ; Paige and Tomko 199 1 a). In contrast, horizontal semicircular canalocular reflexes also exhibit enhanced low-frequency response properties during off-vertical axis oscillations (Rude and Baker 1988) . The same dynamic otolith input in the yaw plane, however, elicits horizontal translational responses that are characterized by distinctly different properties compared with the tilt otolith-ocular reflexes ( Angelaki and Hess 1996; Paige and Tomko 1991a) . Thus, if it were the tilt otolithocular responses that were responsible for the observed gain and phase enhancement of the torsional and vertical VORs at low frequencies, how could one then explain the existence of a similar effect on the horizontal canal-ocular reflexes?
It seems, therefore, that the otolith-induced low-frequency enhancement of VOR dynamics during off-vertical axis oscillations in frontal-eyed animals could not be explained with with the head-position-dependent otolith-ocular responses the head-position-dependent otolith-ocular responses quantified in the preceding paper ( Angelaki and Hess 1996) . quantified in the preceding paper ( Angelaki and Hess 1996) There is yet another finding that seems at first sight unrelated There is yet another finding that seems at first sight unrelated to these questions: during constant velocity off-vertical axis to these questions: during constant velocity off-vertical axis rotations, a steady-state compensatory nystagmus is generrotations, a steady-state compensatory nystagmus is generated and maintained throughout the duration of rotation (Anated and maintained throughout the duration of rotation (Angelaki and Hess 1996; Correia and Money 1970; Darlot and gelaki and Hess 1996; Correia and Money 1970; Darlot and Denise 1988; Denise et al. 1988; Guedry 1965; Harris 1987; Denise 1988; Denise et al. 1988; Guedry 1965; Harris 1987; Hess and Dieringer 1991; Raphan et al. 1981; Young and Hess and Dieringer 1991; Raphan et al. 1981; Young and Henn 1975) . Even though it has been proposed that this Henn 1975). Even though it has been proposed that this steady-state nystagmus reflects the otolith system's ability steady-state nystagmus reflects the otolith system's ability to centrally estimate angular head velocity during off-vertito centrally estimate angular head velocity during off-vertical axis rotations (Angelaki 1992a,b; Hain 1986 ; Hess cal axis rotations (Angelaki 1992a,b; Hain 1986; Hess 1992) ) it is remarkable that there has not yet been a more 1992)) it is remarkable that there has not yet been a more comprehensive understanding of these phenomena. comprehensive understanding of these phenomena.
The goal of the present studies is to provide such a syntheThe goal of the present studies is to provide such a synthesis for the otolith-ocular system. This paper focuses in particsis for the otolith-ocular system. This paper focuses in particular on the steady-state responses during constant velocity ular on the steady-state responses during constant velocity rotation and on the improvement in the low-frequency VOR rotation and on the improvement in the low-frequency VOR dynamics during off-vertical dynamics during off-vertical axis oscillations. Even though axis oscillations. Even though aspects of these issues have been previously reported in aspects of these issues have been previously reported in other species, it was important to perform a quantitative, other species, it was important to perform a quantitative, comprehensive, three-dimensional analysis of otolith-ocular comprehensive, three-dimensional analysis of otolith-ocular responses in the rhesus monkey. The main conclusion of responses in the rhesus monkey. The main conclusion of this study is that the steady-state responses during off-vertithis study is that the steady-state responses during off-vertical axis rotations and the enhancement of VOR dynamics cal axis rotations and the enhancement of VOR dynamics during low-frequency sinusoidal oscillations are compleduring low-frequency sinusoidal oscillations are complementary observations of one and the same phenomenon: a mentary observations of one and the same phenomenon: a vestibular mechanism that centrally estimates angular head vestibular mechanism that centrally estimates angular head velocity in space on the basis of dynamic otolith input. Convelocity in space on the basis of dynamic otolith input. Consistent with previous results, these signals contribute to slowphase eye velocity in the VOR only after they have been low-pass filtered (Angelaki and Hess 1994a, 1995a) .
METHODS
Animal preparation and eye movement recording Nine juvenile rhesus monkeys were used in the present studies. All animals were chronically prepared with skull bolts to restrain the head during experiments and implanted with a dual search coil for three-dimensional eye movement recordings using the magnetic search coil technique (details for these procedures are provided in Angelaki and Hess 1994a, 1996) .
In three animals, semicircular canals were selectively plugged by drilling a small opening into the bony canal and filling it with bony chips, as previously described (Ewald 1892; Money and Scott 1962; Suzuki et al. 1991) . In two of the animals, the lateral canals were bilaterally inactivated by this procedure, whereas in the third animal, all semicircular canals were inactivated. The effectiveness of the plugging was verified by histological examination of the temporal bones. After the surgery, animals were kept in a dark room until they were tested in the laboratory on the following morning. While placing the animals into the monkey chair, they were only exposed to a dim light. Data reported here have been collected during the first day after the operation.
Calibration of the search coil signals was performed in two stages, one before implantation to determine the coil sensitivity vectors and the second daily before each experimental protocol as explained in the preceding paper ( Angelaki and Hess 1996) . Threedimensional eye position was sampled at 833 Hz and subsequently expressed in head-centered Cartesian coordinates as rotation vectors from which eye angular velocity was computed according to Eq. 1 in Angelaki and Hess ( 1996) . The coordinate system used to express the eye velocity components was head-fixed and defined by the magnetic coil frame axes relative to the standard position of the animals (i.e., animals tilted 15" nose-down relative to the stereotaxic horizontal plane; see below). Positive directions were defined by the right hand rule, i.e., clockwise for the torsional component (Q,,), downward for the vertical component ( fi,,,) and leftward for the horizontal component ( ohor). Because only slowphase responses were of interest in the present study, eye angular velocity was further processed in order to remove the fast phases of nystagmus based on time and amplitude windows set for the second derivative of the magnitude of the eye velocity vector.
Experimental protocols and data analysis
During the experiments the monkeys were seated in a primate chair with their heads restrained in a position such that the horizontal stereotaxic plane was tilted 15' nose-down. This head position was used to place the vertical semicircular canals approximately perpendicular and the lateral semicircular canals approximately parallel to the earth-horizontal plane. The primate chair was subsequently placed inside a motorized three-dimensional turntable. Rotations in the head yaw, pitch, or roll planes were applied by repositioning the animal relative to the axis of rotation. For example, earth-vertical yaw stimulation with the animals upright elicited a horizontal VOR. Pitch rotation in ear-down position and roll rotation in supine position elicited vertical and torsional VORs, respectively. The earth-vertical axis rotations selectively stimulated semicircular canal afferents without an equivalent dynamic activation of the otolith organs. Off-vertical axis rotations dynamically stimulated both semicircular canal and otolith afferents. During off-vertical axis stimulation, the axis of rotation was tilted through 10, 30, 45, 70, or 90" relative to earth-vertical. Most of the off-vertical axis protocols were performed with the rotation axis being earth-horizontal (90" off-vertical). In each cardinal head plane, the VOR was studied with the use of two different experimental protocols: 1) constant velocity rotations, in both positive and negative directions, of 37, 58, 74, 110, 147 , and 184"/s; and 2) sinusoidal oscillations at different frequencies. Peak head velocity was kept constant at +%"/s, except at the highest frequency ( 1.14 Hz), where peak velocity was t35"/s. For the different frequencies used, these peak head velocities corresponded to the following peak displacements: 55" ( 1.14 Hz), 518" (0.53 Hz), 245" (0.21 Hz), and 290" (0.10 Hz). For frequencies below 0.05 Hz, peak-to-peak head displacements necessary to reach t58"/s peak head velocity exceeded a whole revolution. More specifically, the required peak displacements were t180" (0.05 Hz), t450" (0.02 Hz), and ?900" (0.01 Hz). In some animals, earth-horizontal axis oscillations at t 180' (0.10 Hz) and 290" (0.05 Hz) were also included. To compare the dynamic VOR performance during earth-vertical and earth-horizontal axis oscillations, peak head velocity at the lowest oscillation frequency (0.01 Hz) was also varied between 37 and 184"/s.
Slow-phase eye velocity profiles obtained from responses to constant velocity rotation were component-wise fitted with the following equation i-l(t) = s2, + n, cos (wt + qb) (1) This paper focuses on the analysis of the steady-state (i.e., "bias" ) response component a,. The modulation amplitude, 0,, and the phase angle 4 have been analyzed in the preceding paper (Angelaki and Hess 1996) . Slow-phase eye velocity profiles obtained from responses to oscillations were component-wise fitted with the following equations s2( t) = Cl,, + 0, sin (wt + 0) where A is the displacement amplitude, and k is a gain factor. Equatiort 2 was fitted to data during earth-vertical and during off-vertical axis oscillations when peak-to-peak head displacement was <360". Aquation 3 was fitted to data during off-vertical axis oscillations with peakto-peak head displacements exceeding a whole revolution. The third term in Eq. 3 describes the modulation of slow-phase eye velocity due to the complex position trajectory of the head in space.' The above parameters were computed for each stimulus cycle (usually 10 at high frequencies and 3 or 6 at 0.01 and 0.02 Hz, respectively) using a nonlinear least-squares algorithm based on the Levenberg-Marquardt method. VOR response gain and phase (determined as 0&I and 8 for each response component) were expressed relative to head velocity @I). Thus the amplitude of each response component was expressed as a fraction of peak head velocity. In the following, "horizontal," "vertical," and "torsional" VOR refer to the respective main response components during yaw, pitch, and roll rotations. Also, phase 8 was accordingly adjusted such that a phase of zero always described an eye velocity response that was perfectly compensatory to head velocity.
RESULTS

General response characteristics of off-vertical axis VOR
Yaw rotation at constant velocity about an earth-horizontal axis generated a steady-state horizontal slow-phase *During off-vertical axis oscillation with frequency w = 27$ and amplitude A, an additional term due to a head position-dependent modulation of slow-phase eye velocity is added to Ey. 2. This term is proportional to the time derivative of the projection of gravity along the respective axis
i.e., G,,(t) = k cos [ap(t)
+ $1 with a,Jt) = A cos (wt) and gain k, 0 < k < 1.
eye velocity that was compensatory to head velocity and lasted throughout the rotation (Fig. 1A) . At onset of stimulation, there was a sharp rise of horizontal slow-phase velocity to a peak value followed by a slight decay to a steadystate level that typically approximated 5040% of the peak response. After bilateral lateral canal inactivation, the initial fast rise in the response was no longer present even though the steady-state slow phase velocity was qualitatively similar (Fig. 1B) . In addition to the horizontal steady-state eye velocity, all slow phase velocity components were also sinusoidally modulated both before and after surgical inactivation of the lateral semicircular canals.2 These modulation components were phase-locked with respect to head position relative to gravity as the head rotated in space (Angelaki and Hess 1996) . Because the head rotated at a constant speed, the duration of each complete revolution and, thus, the frequency of slow-phase eye velocity modulation was constant. Qualitatively similar responses were obtained during constant velocity roll and pitch rotations about an earthhorizontal axis (see Fig. 1 in Angelaki and Hess 1996) . Distinct ocular responses to head position relative to gravity and head angular velocity were also elicited during lowfrequency sinusoidal oscillations about an earth-horizontal axis when the peak-to-peak displacement amplitude exceeded a single revolution. Typical examples of responses during earth-horizontal axis oscillations in roll, pitch, and yaw at 0.01 Hz (?900") are shown in Fig. 2 . Because head velocity varied sinusoidally, the period of one revolution of the head in space varied within a single head velocity cycle. Thus head position in space followed a rather complex sinusoidal pattern as a function of time while the period of one revolution in space varied as a function of instantaneous head velocity ( see Eq. 3 in METHODS).
The sequence of head displacement cycles during three cycles of head velocity is apparent in the potentiometer output of the turntable as it resets once per revolution (see Fig. 2 , bottom trace, H). The "wiggles" in each response component during roll, pitch, and yaw rotation followed closely the waveform of head position (H). During yaw and roll oscillations, each slowphase eye velocity component was modulated as a function of head position relative to gravity. In contrast, only vertical slow-phase velocity was consistently modulated during pitch oscillations in intact animals (see also Angelaki and Hess 1996) .
In addition to these head position-dependent modulations, a directionally specific response proportional to angular head velocity was also elicited. Thus a torsional slowphase velocity was generated during roll oscillation (Fig. 2 , top), a vertical slow-phase velocity was generated during pitch oscillation (Fig. 2, middle) , and a horizontal slowphase velocity was generated during yaw oscillation (Fig. 2, bottom) . In contrast to the large phase leads at 0.01 Hz during earth-vertical axis rotations (when only semicircular canals were stimulated), peak slow-phase eye velocity during earth-horizontal axis oscillations was nearly in phase with peak head velocity. This was a consistent finding in all tested animals for roll, pitch, and yaw rotations.
Because of simultaneous activation of the semicircular canals, the specific contribution of the otolith system to the generated slow-phase velocity was not directly apparent during oscillation of intact animals. This question was addressed in animals with inactivated semicircular canals. Examples of slow-phase eye velocity responses evoked by earth-horizontal axis oscillations in roll, pitch, and yaw after inactivation of all six semicircular canals are illustrated in Fig. 3 . Stimulation of the otolith system alone generated two types of responses, namely, a component that modulated as a function of head position (proportional to H) and another component that followed the waveform of angular head velocity (proportional to I$. Interestingly, these otolith-borne angular head velocity components in canal plugged animals were qualitatively similar to those elicited during identical stimulus conditions at 0.01 Hz in the intact animals: both sets of responses were characterized by similar response amplitudes and nearly zero phase angles. Thus it appears that two distinct otolith-ocular response components were elicited during both constant velocity rotations and low-frequency sinusoidal oscillations, one as a function of head position and the other as a function of angular velocity. In the following, a quantitative analysis of the vestibuloocular responses to angular head velocity will be presented. For this purpose, data during both constant velocity and sinusoidal oscillations will be analyzed and compared. It will be argued that the steady-state component The average values of the steady-state terms (S-2,) from all tested animals have been plotted in Figs. 4 and 5. In the data summarized in Fig.  4 , animals were rotated at a constant velocity (58"/s) using different angles between the axis of rotation and the earthvertical. An angle of 0" described an earth-vertical axis rotation, whereas an angle of 290" corresponded to an earth-horizontal axis rotation. For convenience, positive tilt angles have been assigned to rotations generating positive slow-phase velocities, (i.e., leftward, downward, and clockwise) ; negative angles OVAR is horizontal (filled circles) to pitch OVAR vertical have been assigned to rotations generating negative slow-phase (filled diamonds) and to roll OVAR torsional (filled squares). velocities (i.e., rightward, upward, and counterclockwise).
In Even though a compensatory steady-state nystagmus is aleach plot, solid symbols designate the slow-phase eye velocity ways present independently of the plane of head rotation, there component that was compensatory to head angular velocity.
are differences in the quantitative response properties during For example, compensatory slow-phase eye velocity to yaw yaw, pitch, and roll rotations. The amplitude of the steady-state bottom).
The amplitude of these inappropriate horizontal components was large relative to the torsional response amplitude at small tilt angles. During roll rotation about an earth-horizontal axis (i.e., tilt angles of 90"), however, the elicited horizontal component was <30% of the torsional, resulting in a relatively small deviation of slow-phase eye velocity from head angular velocity. In addition to these horizontal responses that depended on the direction of roll rotation, a vertical component was also present. These vertical components had always upward (negative) slow-phase direction and were relatively independent of tilt angle. These upward slowphase velocity components during roll OVAR, as well as the pronounced vertical response asymmetry during backward and forward pitch OVAR were due to the presence of a downbeating vertical spontaneous nystagmus, which is commonly observed in rhesus monkeys in complete darkness.
Steady-state slow-phase eye velocity also depended on the magnitude of head angular velocity (Fig. 5) . It increased linearly as a function of head velocity up to -74-1 loo/s. Yaw OVAR response amplitude saturated, while pitch/roll OVAR declined as head velocity was further increased. (Fig. 4) . Even if the axis tilt is as little as 10" relative to earth-vertical (the smallest angle tested in the present study), a large steady-state horizontal slow-phase velocity is generated during yaw OVAR, which does not significantly increase with larger tilt angles. This is not true for steadystate responses during pitch and roll off-vertical axis rotations whose amplitude increases gradually with tilt angle and is maximal when the axis of pitch and roll rotations is earth-horizontal, (i.e., at 590").
As seen from the nearly zero vertical and torsional steadystate response components, there was always a good spatial alignment between steady-state response and stimulus direction during yaw OVAR. The same was also true during pitch OVAR, particularly at tilt angles close to 90' (i.e., during earth-horizontal axis rotations). In contrast, steady-state torsional responses during roll OVAR were often associated with nonzero horizontal components (open circles in Fig. 4 
Frequency-response of off-vertical axis VOR
Sinusoidal responses were analyzed by either fitting a simple sinusoidal function (whenever the response consisted of a single sinusoid; see Eq. 2) or by fitting an equation consisting of both a head velocity and a head position term (whenever head displacement exceeded 2360' during off-vertical axis rotations, see Eq. 3 in METHODS).
An example of such fit for a single response cycle during roll VOR at 0.01 Hz (2900") is shown in Fig.  6 . Because the head position-dependent responses have been presented in the preceding paper, only the head velocity responses are further quantified here.
Average response gain and phase as a function of oscillation frequency for horizontal, vertical, and torsional VOR in complete darkness" have been plotted in Fig. 7 . Compared with earth-vertical axis rotations, earth-horizontal axis oscillations had little or no effect on VOR gain, neither at high nor at low frequencies.4 Only for vertical VOR there was a 'During rotation in the light, the phase difference between earth-vertical and off-vertical axis rotations was smaller (data not shown), albeit still significant for pitch and roll. Moreover, torsional VOR gain in the light increased by -20% compared with similar oscillations in complete darkness throughout the frequency range tested (see also Collewijn et al. 1985; Leigh et al. 1989) . Interestingly, lesions of the cerebellar nodulus and ventral uvula that abolish torsional optokinetic nystagmus also abolish this effect (Angelaki and Hess 1994b) . 4Unlike results in the 8/9 rhesus monkeys, 1 animal (whose data are not included) was characterized by lower torsional and vertical VOR gains during earth-vertical roll and pitch rotations. This animal exhibited significantly increased gains and reduced phase angles during off-vertical axis rotations not only at low frequencies, as was the case for all animals, but also during mid-and high-frequency oscillations. These changes in VOR gain and phase at frequencies above 0.1 Hz when the peak-to-peak excursion did not exceed a whole revolution reflected a contribution from tilt otolithocular responses (coding head position relative to gravity) as revealed by a clear dependence of response gain on head position. Indeed, the sensitivity of tilt responses was enhanced in this animal ( triangles in Figs. 5, 7, 9, and 10 of Angelaki and Hess 1996).
clear increase in response gain at 0.01 Hz (compare 0 with 0 in Fig. 7, middle) . In contrast to these minor changes in response gain, earth-horizontal axis rotations resulted in a significant decrease in phase leads that characterized lowfrequency responses during earth-vertical axis oscillations. As a result, horizontal, vertical, and torsional VOR phase was independent of frequency and approximately in phase with head velocity. This large change in response phase was also accompanied by a decrease in response variability (compare error bars of the 0 and 0, Fig. 7) .
The presence of dynamic otolith stimulation had neither an effect on VOR gain (except for pitch oscillations at 0.01 Hz) nor on its spatial orientation. This point is illustrated in Fig. 8 , where magnitude and orientation of VOR slow-phase eye velocity obtained for three different stimulus frequencies are plotted in head coordinates. Each VOR vector is displayed in two of three views that include a front view (Fig.  8, top row) , a right side view (Fig. 8, middle row) , and a top view (Fig. 8, bottom row) . Pitch VOR response vectors were clustered around the abscissa in the frontal view and around the ordinate in the top view ( + and 0 ), whereas those of yaw VOR were clustered around the ordinate (0 and 0, both frontal and side views). Similarly, roll VOR response vectors were close to the abscissa ( n and 17, side and top views). Gains of the main response component (i.e., horizontal for yaw VOR, vertical for pitch VOR, and torsional for roll VOR) were characterized by phase angles between 0 and 90" (e.g., see Fig. 7 )) thus they have been always plotted as positive. Gains of orthogonal response components have been plotted as positive whenever phase angles were between -+90", and negative otherwise. There was no difference in the spatial orientation of the VOR during earth-vertical and earth-horizontal axis oscillations at any frequency. There was, however, a systematic misalignment of the VOR vector with respect to the direction of head angular velocity during both earth-vertical and earthhorizontal axis roll oscillations (Fig. 8, 0 and W ) .
The dynamic otolithic contribution to VOR slow-phase velocity depended on the angle between the axis of rotation and earth-vertical. Even though the observations summarized in Fig. 7 for earth-horizontal axis also applied to all off-vertical axis oscillations, there was a continuous decrease in response phase for vertical and torsional VOR as the angle increased (Fig. 9, 4 and n ) . The smallest phase leads were observed at tilt angles of 90", i.e., when the pitch and roll oscillations were delivered about an earth-horizontal axis. However, similarly to responses during constant velocity yaw OVAR (e.g., Fig. 4) , the decrease in horizontal VOR phase during off-vertical axis oscillations was independent of tilt angle (Fig. 9, 0) . Response gain as a function of tilt angle was a little more complex. At small tilt angles, the gain of vertical and torsional VOR decreased compared with values during earth-vertical axis oscillations. As tilt angle increased further, vertical and torsional VOR gain also increased, reaching the highest values at 90". Horizontal VOR gain was independent of tilt angle.
The dynamic otolith contribution to the VOR during lowfrequency sinusoidal oscillations also depended on head velocity in a manner similar as described for constant velocity OVAR (e.g., compare Fig. 10 with Fig. 5 ): response gain decreased and phase leads increased as head velocity in- creased above -74-1 loo/s (Fig. 10, 0 ). This effect of head velocity during earth-horizontal axis oscillations was stronger than the smaller gain decreases observed during earth-vertical axis oscillations (Fig. 10, 0 ).
Frequency response of ofivertical axis VOR after semicircular canal inactivation
The contribution of dynamic otolith stimulation to the VOR was also tested in animals after inactivation of specific semicircular canal planes. Three animals, two with bilaterally inactivated lateral semicircular canals and one with all six semicircular canals inactivated, were tested the following day after the operation ( see METHODS).
In the plane of the inactivated semicircular canals, VOR gain was below 0.05 at all frequencies during earth-vertical axis rotations (data not shown). Thus any VOR elicited in complete darkness during off-vertical axis rotation in the plane (s) of inactivated semicircular canals was due to activation of the otolith system (e.g., Figs. 1B and 3) . The respective VOR gain and phase is plotted as Otolith VOR in Fig. 11 (Zeft) . To exclude contributions from head position-dependent otolith-ocular responses, only data at frequencies below 0.1 Hz with peakto-peak head excursion exceeding 360" were considered. As expected from the slow rise in slow-phase eye velocity during step changes in head velocity (Fig. lB) , the otolith contribution to the VOR was characterized by low-pass filter characteristics: gain dropped and phase lags increased with increasing stimulus frequency. For comparison, gain and phase of the VOR obtained in the same animals before plugging are also illustrated. During low-frequency earth-vertical axis oscillations, gain was low and responses led head velocity (Canal VOR, middle, see also Fig. 7) . During earthhorizontal axis oscillations, gain remained flat and phase angles were close to zero for all frequencies (Off-vertical VOR, right).
Sl
Qualitative inspection of the ow-phase velocity signals from data semi in Fig. 11 suggests that circular canal and otolith inputs could add linearly in the VOR: otolith responses were large with nearly compensatory phases at low frequencies. At high frequencies, gain decreased and phase lags were introduced. In contrast, semicircular canal responses were large at frequencies above 0.1 Hz, but gain decreased and phase leads developed at low frequencies. However, response vectors obtained by vectorial addition of otolith and canal VOR responses predicted larger than unity gains and nonzero phases (Fig. 12 , Canal + Otolith VOR; vector length corresponds to gain, vector orientation relative to the positive abscissa corresponds to phase). For comparison, response vectors obtained from earthhorizontal axis oscillations have been also plotted (Fig. 12 , Off-vertical VOR). These obvious discrepancies in both response gain and phase demonstrate that the interaction of otolith and semicircular canal signals is more complex than a simple linear summation.
The spatial orientation of the otolith-borne angular velocity responses was studied in isolation (i.e., without simultaneous semicircular canal activation) during earth-horizontal axis oscillations in the animal with all semicircular canals plugged. It was found that even in the absence of any semicircular canal input, the head velocity otolith responses were in good alignment with the stimulus during both yaw and pitch oscillations, whereas larger deviations between otolith VOR responses and head velocity were observed during roll oscillations (similarly to the results during constant velocity rotations, see Fig. 4 ).
DISCUSSION
The goal of this and the preceding paper has been to characterize quantitatively the three-dimensional otolithocular responses during off-vertical axis rotation and to define a functional framework of these reflexes in rhesus monkeys. It has been shown that there exist at least three distinct otolith-ocular reflexes (Fig. 13) . 1) Otolith-ocular reflexes appropriate to stabilize gaze during translational motion (Paige and Tomko 1991b; Schwarz et al. 1989; Schwarz and Miles 1991) ; these reflexes (coding linear acceleration, a) constitute together with the semicircular canal-ocular reflex (coding head-fixed angular velocity, v) the traditional VORs whose function is to provide robust, short-latency oculomotor responses during any combination of linear and angular head movements. 2) Direct gravity effects (coding head orientation relative to gravity, G) on both fast and slow eye movements that appear to dynamically modulate Listing's coordinates and primary eye position as a function of head orientation in space (Angelaki and Hess 1996; Hess and Angelaki 1995 system detecting angular motion of the head in space; this system processes vestibular signals based on the unique spatiotemporal pattern of mutually perpendicular gravitational and jerk signals that are associated with angular head movements relative to gravity (consequently, it is not activated during linear translation).
The preceding paper focused on aspects of the first two otolith-ocular systems. The focus of the present paper is the ability of the otolith system to detect angular head velocity during rotations relative to gravity (i.e., tilts) and generate eye movements that are compensatory to angular head velocity. In the next paragraphs, the quantitative results regarding detection of angular velocity during off-vertical axis rotations will be discussed and compared with previous studies. Finally, the functional significance of this property of the otolith system will be specifically addressed. The most extensive studies of the otolith contribution to gaze stabilization during roll and pitch earth-horizontal axis oscillations have been performed in rabbits (Barmack 198 1; Barmack and Pettorossi 1988; Van der Steen and Collewijn 1984) . In these studies, the VOR was tested during sinusoidal oscillations about the interaural and nasooccipital axes with amplitudes varying from 10 to 20". Large increases in gain and decreases in phase lead were reported during lowfrequency earth-horizontal compared with earth-vertical axis rotations (Barmack 198 1) . There is good evidence that these changes in the rabbit VOR resulted from activation of verti- The demonstration of a steady-state compensatory horizontal nystagmus during earth-horizontal yaw rotation ( "barbecue spit" ) has been one of the first observations of otolith-ocular reflexes (humans: Benson and Bodin 1966; Correia and Guedry 1966; Denise et al. 1988; Guedry 1965; Harris and Barnes 1987; monkeys: Haslwanter and Hess 1993; Raphan et al. 1981; Young and Henn 1975; cats: Correia and Money 1970; Darlot and Denise 1988; Harris 1987; rats: Hess and Dieringer 1990) . In fact, compensatory steady-state nystagmus is generated during constant velocity off-vertical axis rotation in any head plane. Not only is there a generation of a horizontal, vertical, or torsional steadystate nystagmus during rotation in the yaw, pitch, or roll plane ( see Fig. 1 in Angelaki and Hess 1996) , there is also generation of a compensatory steady-state nystagmus in the appropriate plane during constant velocity off-vertical axis rotations in intermediate head planes (Haslwanter and Hess 1993) . Experiments in canal-plugged animals have demonstrated that the sustained steady-state nystagmus results from otolith stimulation (Cohen et al. 1983; Correia and Money 1970; Janecke et al. 1970 ) (see also Fig. 1 B) .
Low-frequency VOR dynamics during off-vertical axis oscillation Dynamics of otolith, canal, and offvertical axis VOR. Otolith VOR: responses from animals after inactivation of both lateral semicircular canals (4 and r) or all 6 semicircular cacal and torsional otolith-ocular tilt reflexes. First, gain and phase of the vertical and torsional VORs depended on head position. In upside-down positions, for example, the reflex responses were anticompensatory at low frequencies (Barmack 1981; Barmack and Pettorossi 1988) . Second, the otolith contribution to the VOR was primarily in the form of small modulations of eye position with little or no resetting quick phases. Third, and most importantly, the otolith contribution to the VOR (obtained by vectorially subtracting responses elicited by earth-horizontal and earth-vertical axis oscillations) have been shown to be similar to the gain and phase of tilt otolith-ocular reflexes, which Baarsma and Collewijn ( 1975) had studied during sinusoidal linear acceleration on a linear track. Unlike rabbits, however, primate VOR compensation is not enhanced by a contribution from the torsional and vertical tilt responses. By employing large displacement amplitudes (i.e., several revolutions during one velocity cycle), the head position-dependent tilt responses were separated, and the effects of the velocity-sensitive responses on the VOR were exclusively studied. The observed low-frequency improvement in response dynamics is, therefore, totally independent of a simultaneous activation of tilt otolith-ocular reflexes. Furthermore, the lack of horizontal otolith-ocular reflexes with appropriate tilt response characteristics has been at variance with the consistent three-dimensional properties of the otolith-ocular signals that are responsible for the enhanced VOR at low frequencies (Figs. 3 and 7). Our results support the notion that low-frequency enhancement of primate VOR dynamics is rather related to the mechanism of steady-state velocity generation during constant velocity off-vertical axis rotations. Indeed, surgical lesions of the cerebellar nodulus and ventral uvula completely eliminate both the steady-state responses during constant velocity rotation and the low-frequency enhancement of VOR dynamics during sinusoidal off-vertical axis oscillations without affecting the head position-dependent tilt responses (Angelaki and Hess 1995b The conclusion that both the steady-state responses during constant velocity rotations and the enhancement of VOR dynamics during low-frequency sinusoidal oscillations are due to the same otolithic mechanism is based on the following observations. First, animals with inactivated semicircular canals exhibit a VOR with slow-phase velocity proportional to head velocity during both constant velocity rotation and sinusoidal oscillations (Figs. 1, 3, and 11 ) . Second, both responses are phase-locked to head angular velocity and not to head position in space. Third, both types of responses have consistent three-dimensional characteristics, i.e., they are elicited not only during pitch and roll but also during yaw rotations. Tilt otolith-ocular reflexes, on the other hand, are directionally specific ( Angelaki and Hess 1996; Paige and Tomko 1991a) . Fourth, responses obtained during constant velocity rotations and low-frequency sinusoidal oscillations depend in a similar way on head velocity and tilt angle (compare Figs. 4 and 5 with Figs. 9 and 10) . Rude and Baker ( 1988) have examined the horizontal VOR in cats during small amplitude oscillations that were unfortunately not discriminative in terms of head position and head velocity-sensitive responses. In our view, the reported large decreases in response phase during earth-horizontal axis rotations were most likely due to the head velocity sensitivity of the otolith system. The otolith effects on response gain, on the other hand, were small and dependent on head position. Because there exists no horizontal tilt otolith-ocular reflex that could have contributed to the amplitude of horizontal slow-phase velocity during yaw oscillation about an earth-horizontal axis, these head position-dependent effects probably reflected a contribution from the horizontal translational vestibuloocular reflexes that are also elicited during off-vertical axis rotations, as shown in the preceding paper ( Angelaki and Hess 1996) . In agreement with this assumption, it was primarily gain at high frequencies that exhibited a strong dependence on head position during earthhorizontal axis oscillations (Rude and Baker 1988). The present and previous results suggest the following. 1) The otolith system detects the angular velocity of the head in space (or equivalently, the speed and direction of rotation of the gravity vector) during off-vertical axis rotations. 2) Otolith-borne head angular velocity signals contribute to the VOR during both constant velocity rotations and low-frequency sinusoidal oscillations. The ability of the otolith system to detect not only angular head velocity but also to elicit compensatory responses during a simple reflex such as the VOR is a somewhat intriguing and puzzling finding that may lead to the following two questions. The mechanism of decats during earth-horizontal axis oscillations using similar tection of angular motion parameters from purely linear acexperimental protocols as in the present study. The peak-toceleration-sensitive afferent signals is computationally inpeak excursions in their study exceeded 360' for frequencies triguing. Even though all proposed models differ in terms below 0.1 Hz, allowing for a clear separation between head of underlying assumptions, neurophysiological predictions, position and head velocity responses. In agreement with our and computational details (Angelaki 1992a,b; Fanelli et al. results , these authors reported large decreases in phase lead 1990; Hain 1986; Hess 1992; Schnabolk and Raphan 1992) , and increases in gain during low-frequency earth-horizontal they are all based on a similar principle: a spatiotemporal axis rotations. In the cat, vertical VOR gain was also in-processing of gravity signals that are detected by an assemcreased during earth-horizontal axis oscillations at frequenbly of primary otolith afferent neurons. The majority of the ties between 0.1 and 1 Hz. Possibly tilt otolith-ocular re-proposed models have suggested that the phasic and phasic- tonic dynamics associated with the most irregularly firing otolith afferents might be ideally suited for providing some of the dynamic aspects for this computation (Angelaki 1992a,b; Hain 1986; Hess 1992) . According to each of these models, phasic-tonic primary otolith afferent responses are centrally further processed to compute the rate of change of gravity signals (jerk, J = dGldt). Spatiotemporal comparison between these centrally detected jerk signals with tonic gravity inputs has been subsequently postulated to be a necessary step in the detection of angular velocity (e.g., m, -G X dG/dt, Fig. 13 ). In agreement with the notion that the most irregularly firing otolith afferents are involved in the otolith detection of angular velocity, selective functional ablation of these responses resulted in deficient steady-state slow-phase eye velocity responses during off-vertical axis rotations ( Angelaki et al. 1992) .
Even though both experimental and theoretical work have suggested that responses from the most irregularly firing otolith afferents play an important role in the detection of the angular velocity of a rotating gravity component and the generation of the steady-state responses during off-vertical axis rotations, the mechanisms underlying these computations are still unknown. We have proposed that central computation of the rate of change of linear acceleration (jerk) could be implemented at the level of single neurons simply by convergence of otolith afferents that differ in both their spatial and temporal properties ( Angelaki et al. 1993 ) . Based on such spatiotemporal convergence, central otolith neurons acquire two-dimensional spatial and temporal response properties that result in asymmetric discharge modulation during off-vertical axis rotations in opposite directions ( Angelaki 1992a,b) . Neurons with such response properties have not only been theoretically predicted (Angelaki 1992a,b; Fanelli et al. 1990 ) but also experimentally observed in the vestibular nuclei (Angelaki et al. 1993; Bush et al. 1993 ) , the anterior cerebellar vermis (Manzoni et al. 1996) ) and the cerebellar nodulus (Rosenberg and Scudder 1994) . Accordingly, recent lesion experiments suggest that the cerebellar nodulus and/or ventral uvula comprise part of the neural substrate that is involved in these computations (Angelaki and Hess 1995b Using fast transient head and body tilts or selective semicircular canal plugging in rhesus monkeys, we have recently shown that low-frequency VOR responses during earth-vertical axis rotation are dominated by inertial vestibular signals coding angular velocity of the head in space ( Angelaki and Hess 1994a, 1995a; Angelaki et al. 1995) . Specifically, if during earth-vertical axis rotation the direction of head angular velocity, as detected from semicircular canal primary afferents, is dissociated from the direction of earth-vertical, the inertial vestibular system only detects the earth-vertical portion of the semicircular canal signals (based on a gravity-dependent spatial transformation, e.g., cr), = T&V) (Fig. 13) . The present results extend these observations during off-vertical axis rotations: during rotations about off-vertical axes, mutually orthogonal linear acceleration and jerk vectors are physically acting on the head-fixed vestibular receptors. The inertial vestibular system can utilize this unique combination of physical signals and detect the absolute angular motion of the head in space (Angelaki 1992a,b) . As shown here, these otolith-borne vestibular signals are expressed in the VOR during constant velocity rotation and low-frequency sinusoidal oscillations about off-vertical axes. In effect, the inertial vestibular system is organized such that I ) whenever rotation is about an earth-vertical axis, the otolith system detects no angular velocity (cc), = 0)) thus the inertial vestibular system monitors head angular velocity mediated by semicircular canal afferent activity along the direction of gravity m, = TG( v) in Fig. 13 (see also Angelaki and Hess 1994a, 1995a; Angelaki et al. 1995) . 2) During off-vertical axis rotations, the otolith system independently detects angular velocity b-42 -G X dG/dt, Fig. 13) ) which is then taken into account to monitor head motion in space. Both of these properties of the inertial vestibular system are compromised after lesion of the cerebellar nodulus and ventral uvula (Angelaki and Hess 1995a,b) . Even though these inertial vestibular signals coding angular motion of the head in space during both earth-vertical and off-vertical axis rotations can be computed within a large frequency bandwidth, they are nevertheless apparent in the VOR only after they have been low-pass filtered (Fig. 13)) i.e., only at low frequencies and steadystate conditions. Inertial vestibular signals within a broader frequency range could, however, be fundamental for head control and motor coordination during combined head, gaze, and body movements (Angelaki and Hess 1995a It has been commonly assumed that otolith detection of tilting movements is not useful at high frequencies because semicircular canal activation alone is capable of generating compensatory responses. However, such an assumption can be misleading because semicircular canal signals accurately transduce only head-based angular velocity signals. For appropriate control of head movements and coordination of head and body posture, the motor systems need to compute absolute head angular position and velocity at both low and high frequencies. To accomplish this, the vestibulomotor system would need to separate head rotation relative to gravity from translational accelerations at a much shorter time scale than previously suggested. Such separation, for example, could not be solely based on Mayne's proposal (1974) of low-pass filtering of otolith signals in order to separate the components due to gravity from those due to translational motion. Thus the question arises, how can the system separate between gravity-borne and translation-induced otolith activation that often occurs concurrently in the whole frequency range of natural head movements (Grossman et al. 1988; Pozzo et al. 1990 )?
We propose that such distinction between gravitational and translational linear acceleration components could be based on the particular spatiotemporal configuration of both the linear acceleration vector and its time derivative (jerk vector). Head rotations relative to gravity and translational head displacements differ in the spatiotemporal characteristics between gravity or linear acceleration and the associated jerk vectors. Stated simply, the jerk vector j (t) during linear translation is parallel to the linear acceleration vector a(t) = a(t) n (n: unit vector along the direction of translation) and its magnitude is the time derivative of a(t),
i.e., j ( t) = [da ( t)ldt] n . However, angular head rotations rela-tive to gravity are always accompanied by an angular veloc
